has not been identified in other eukaryotic lineages. Here, we identified PATRONUS1 and PATRONUS2 (PANS1 and PANS2) as the Arabidopsis homologues of securin.
chromosomes at meiosis I in pDMC1::PANS1ΔD and entry into meiosis II, making it 1 8 2 possible to assess the effect of PANS1ΔD on chromatid pairs at anaphase II. Our proportion of metaphase I showed five bivalents (11%, N=321 cells, Figure 6B ), whereas the majority showed an almost complete (41%, Figure 6C ) or complete 2 1 6 (48%, Figure 6D ) loss of cohesion, with 20 free chromatids. At diakinesis, the stage 2 1 7 of prophase that immediately precedes metaphase I, five bivalents were cohesion was established ( Figure 6A ). Thus, in pans1 sgo1 sgo2, sister chromatid 2 2 0 cohesion was lost at pro-metaphase I or early metaphase I, dismantling the bivalent 2 2 1 into free chromatids. This result shows that PANS1 and SGOs act in parallel to 2 2 2 protect sister chromatid cohesion at metaphase I. This also reveals that SGO1 and 2 2 3 SGO2 protect cohesion not only at peri-centromeres, but also along the chromosome 2 2 4 arms, redundantly with PANS1. We then expressed pDMC1::PANS1ΔD in the sgo1 sgo2 mutant (n=4 plants). In this
context, meiotic chromosome spreads showed metaphase I with stretched bivalents 2 3 8
( Figure 6E ) and aberrant metaphase II with five bivalents ( Figure 6F ), similarly to Mutations in SEPARASE can restore sister chromatid cohesion in patronus1
With the aim of identifying antagonists of PATRONUS and to shed light on its
function, we set up a genetic suppressor screen. We took advantage of the root-
growth defect of pans1 when cultivated on medium supplemented with NaCl (14, 19).
pans1-1 seeds were mutated with ethyl methanesulfonate and the M2 families longer roots than pans1-1 on NaCl medium and, subsequently, (ii) longer fruits than sequencing of these plants revealed that four out of the eight suppressors had a 2 5 3 missense mutation in the Arabidopsis SEPARASE gene (AtESP; At4g22970, Table   2 5 4 S1), that we hereafter call esp-S606N, esp-P1946L, esp-A2047T and esp-P2156S identified esp-S606N as the mutation most strongly linked to the growth phenotype among the mutations segregating in that line, further supporting the conclusion that metaphase plates analysed is indicated in parentheses. domain and belongs to a stretch of serine, which may suggest regulation of ESP by 2 7 3 phosphorylation. The previously described esp-2 mutation is null and lethal (10), but
can restore pans1 growth in a dominant manner ( Figure 7C ), confirming that without apparent defects in growth or development, suggesting that they are
hypomorphs. Quantification of root growth in pans1 mutants segregating for the esp-
S606N or esp-P2156S mutations showed that these mutations restore root growth in 2 8 0 a semi-dominant and dominant manner, respectively ( Figure 7D ).
8 1
To test if the mutations in ESP suppress the pans 1 meiotic defects, we quantified absence of cohesion), it is partially restored in a semi-dominant manner by the esp- in ESP can suppress the meiotic sister chromatid defect of pans1. In addition, esp-
S606N and esp-P2156S mutations were not able to suppress the meiotic sister 2 9 1 chromatid defect of sgo1 or of sgo1 sgo2 ( Figure 7D ). This result suggests that sister chromatid cohesion at meiosis. To better understand the role of PANS1, we searched for interacting partners using
pull-down protein purification coupled with mass spectrometry using over-expressed
GS rhino -tagged PANS1 as bait in Arabidopsis cell culture (26). After filtering co-
purified proteins for false positives (see Methods and (27)), we recovered peptides
from PANS1 itself and a series of additional proteins in three replicate experiments 3 0 1 (Table1). We recovered 10 subunits of the APC/C complex, confirming previous interact with SEPARASE ( Figure 8 and Figure S4 ). Y2H experiments with truncated
PANS1 showed that the C-terminal half of PANS1 (which does not contain the In yeast and animals, the securin C-terminal region also mediates the interaction with showed the strongest interaction with PANS1 and PANS2. In yeast and human,
securin interacts along the entire length of separase (4, 5, 7, 28) .
We previously showed that PANS1 interacts with the APC/C subunit CDC20 through
its D box (14), and showed here that PANS2 also interacts with CDC20 ( Figure S4 ).
Yeast and animal securins have also been shown to bind directly CDC20 in a D-box-
dependent manner (29, 30) . The experimental data presented above suggest that PATRONUS may be the 3 3 7
elusive plant securin. We thus investigated the degree to which PATRONUS is 3 3 8
conserved and if any sequence similarity can be detected between PATRONUS and 3 3 9
animal or yeast securin.
Position-specific iterated BLAST (PSI-BLAST) against the green lineage identified O. lucimarinus protein recovered the entire plant protein family, including RSS1,
PATRONUS1 and PATRONUS2, reinforcing the conclusion that the identified
proteins are homologues (Methods, Table S2 ). The slow convergence of the PSI- PATRONUS family members and from their intrinsically disordered character.
Next, we repeated the PSI-BLAST analyses using the O. lucimarinus sequence 3 5 1 (XP_001422400.1) as bait and expanded the interrogation to the full eukaryotic tree. retrieved in this search. Conversely, using these securins as bait of a PSI-BLAST Looking at the conservation patterns of the securin proteins within several clades,
some striking features emerged ( Figure 9 and Figure S4 ). In each clade (monocots,
dicots, Saccharomycetales, Pezizomycotina, Metazoa), the same profile appeared:
conserved KEN and D boxes in the N-terminal, and an invariable glutamic acid (E)
within a relatively conserved patch. This glutamic acid has been shown to be pivotal
for the inhibition of the separase cleavage site in the mammalian and the two fungus clades (pink stars in Figure 9 ), and is also shared with separase substrates (4, 7, 32, the C-terminal third of the protein and is very well-conserved among the entire plant lineage (monocots, dicots, basal plants and algae). However, it is not conserved in
some groups of species (e.g. the Phalaenopsis orchids, and several algae such as
Micractinium conductix), making this candidate less likely. The other candidate logos (34). The homologues used to build the consensus span the dicot, monocot,
within monocots in different regions (E-x-F-L-H-D/N-H and W-A-K/R-D/E/G-G-V/I-
metazoan, Saccharomycetale and Pezizomycotina clades for AtPANS1, OsRSS1,
Hs, Sc and Cg securins, respectively. Sequence motifs corresponding to the KEN consensuses, the conserved stretches containing an invariant or almost-invariant conserved residue. Magenta stars report residues that were validated experimentally as acting as pseudo-substrates to inhibit separase activity (4, 5, 33). Unfilled black
stars indicate the location of the potential pseudo-substrate glutamates in AtPANS1
and OsRSS1. The structure of Sc securin complexed to Sc separase is shown in the conserved E-containing patch from monocots. We favour the scenario in which 4 0 6 these E-containing domains represent the separase inhibition site, but that it has 4 0 7 diverged too much in dicots to be properly aligned using the current algorithms. an alternative mechanism may be at play. We provide five pieces of strong evidence leads to the premature release of cohesion (14); conversely, expression of an mis-segregation and aneuploidy (17, 19) . No defects were detected in the pans2 4 2 2 mutant, but the pans1 pans2 double mutation is lethal (14). We propose that PANS1 4 2 3
and PANS1, whose duplication is specific to Brassicaceae, have redundant functions,
but that expression and/or activity levels of PANS1 are higher than those of PANS2.
2 5
Our data support the conclusion that PATRONUS1 and/or PATRONUS 2 prevent the conclusion that PATRONUS/RSS1 is the plant securin.
3 6
We propose that all plant PATRONUS homologues, including the rice RSS1 (35), is likely that securin has no catalytic activity. One possibility is that the securin sequence simply drifts passively due to the absence of any selective pressure on its and with 100 µg/ml kanamycin sulfate (Euromedex) or 25 µg/ml hygromycin B at 28-30°C to saturation, centrifuged and resuspended in a 1% sucrose 0.05% Silwet (Table S3 ). The first pair is specific to the wild-type allele and the second pair is For the suppressor screen, homozygous pans1-1 seeds were incubated for 17 h at min. Then, 3 mL of water was added to make the seeds sink. The supernatant was were sterilised and sown in petri dishes containing in vitro culture medium https://get.genotoul.fr/). Mutations were identified using the MutDetect pipeline (41).
The esp-S606N line identified in the suppressor screen was back-crossed with
pans1-1 and 52 plants were selected in the F2 population for having long roots on an
NaCl medium. Bulk genome sequencing of these plants identified the esp-S606N the mutation segregating in that line, supporting that it is causal. washed twice in water and once in citrate buffer (10 mM tri-sodium-citrate, pH
adjusted to 4.5 with HCl). They were digested for 3 h at 37°C in a moist chamber with suspension. After adding 10 µl of 60% acetic acid, the slide was incubated on a hot block at 45°C for 1 min and the cell suspension was stirred with a hooked needle. Another 10 µl of 60% acetic acid was added and stirred during 1 more minute. The with fixative. Dry slides were ready for DAPI staining and immunolocalisation. For immunolocalisation, slides were microwaved in 10 mM citrate buffer pH 6 for 45 s Laboratories) with 2 µg/ml DAPI. Slides were observed using a ZEISS Axio Imager Z2 microscope and Zen blue software. Images were acquired using a Plan- 
